Abstract: In this paper, for the first time, a novel multi-level constellation compression modulation (MCCM) is proposed and applied for generalized frequency division multiplexing passive optical network (GFDM-PON). The principle of the proposed MCCM is to transfer the constellation points of the outer circle to the ones of the inner circle with different probabilities, thereby significantly reducing the average transmitted power. Also, by dynamically adjusting the compression factor, MCCM can also achieve different types of constellations to accommodate various scenarios of optical fiber transmission. In order to verify the feasibility of the proposed coded modulation technology and its transmission performance, a GFDM-PON system is set up based on intensity-modulation and direct-detection. The experimental results indicate not only that one-level constellation compression modulation (CCM) is superior to the conventional modulation technology, but also two-level CCM can significantly reduce the bit error ratio (BER) of the system. When the transmission performance is unfavorable, the system BER can be further reduced by the enhanced CCM. Therefore, the system based on the proposed MCCM technology can meet different access scenarios with robust adaptability and scalability.
Introduction
Passive optical network (PON) has been proven to be an effective and future-proof network architecture with unparalleled advantages such as lower power consumption, higher data rates, and wider access coverage for access compared to those of the conventional cable modems [1] - [5] . At present, 10-Gbps PON systems have been successfully deployed all over the world, and broadband service providers are already investigating the market potential and technology options for the next generation PON (NG-PON). The full service access network (FSAN) has standardized the NG-PON2 in [3] . Moreover, the NG-PON2 must be highly scalable, flexible, reliable and efficient in both bandwidth and power consumption [4] . Besides, several multiplexing technologies have been proposed to be applied in the access network, including wavelength division multiplexing (WDM), time division multiplexing (TDM), and orthogonal frequency division multiple access (OFDMA) [1] - [5] . Although WDM-PON enables enormous capacity, it requires multiple transceivers, which will greatly increase the system cost. Each wavelength is fixed for one optical network unit (ONU) in WDM-PON, which causes rough granularity and waste of resource. The key challenge for 25, 50, and 100-Gbps Ethernet PON is to increase the serial rate at a lower cost per bit [5] . To enable this, new compatible modulation formats should be sought to reduce the power consumption and complexity of the PON system. Meanwhile, in order to accommodate the access requirements of emerging 5G network technologies and diverse application scenarios in the future, it is imperative for us to upgrade the current network into dynamic and flexible NG-PON.
As an application scenario of short-distance and high-speed optical transmission, the optical access network has a transmission distance of 20-50 km. Considering cost, power consumption, and complexity, intensity-modulation and direct-detection (IM/DD) combined with high-order modulation formats is regarded as a practical and economical approach for NG-PON [6] - [9] . Moreover, due to the low power consumption and low cost, carrier-less amplitude and phase (CAP) modulation has great potential for short-distance optical transmission compared with other modulation formats [7] - [12] . The 10 Gb/s N-dimensional CAP filters were designed for CAP-PON system based on optimization expression methods [10] . And a non-orthogonal multi-dimensional CAP-PON system was also experimentally demonstrated in [11] . Therefore, IM/DD-based CAP has been verified to be an uncomplicated and well-performing solution that enabling low-cost optical components to achieve relatively high rates [7] - [12] . Generalized frequency division multiplexing (GFDM) is an attractive technology to expand transmission capacity effectively. In the GFDM systems, data can be propagated through a two-dimensional modular structure spanning both time and frequency domains, as well as the employment of an adjustable pulse shaping filter to give the system a high degree of flexibility [13] - [15] .
As communication systems are increasingly demanding larger transmission capacity and flexibility, probabilistic shaping (PS), a typical modulation format optimized technology, has drawn more and more attention due to its high transmission capacity and low system complexity [16] - [21] . Besides, the emergence of PS also provides unprecedented flexibility for optical communication systems without the increase of complexity [16] - [19] . Specifically, PS reduces the average transmitted power and bit error ratio (BER) by modulating the high-energy those to constellation points with lower energy. Probabilistic shaping mainly focuses on upgrading the transmission capacity and improving the spectrum efficiency of the system. Nokia Labs has successfully implemented 1 Tb/s 4-carriers super-channel transmission in the German nationwide backbone network, and extended the family of PS constellations using 16 QAM, 36 QAM and 64 QAM, to achieve unprecedented transmission capacity and spectrum efficiency [17] . However, due to the diverse demands in different application scenarios, the application of flexible PS in optical access networks as an effective solution has gained extensive attention.
In this paper, to our best knowledge, we firstly propose a novel multi-level constellation compression modulation (MCCM) applied in GFDM-PON system. The proposed MCCM technology is a special application form of PS, which compresses constellation by reducing the number of points. Hence, constellation compression modulation (CCM) features probabilistic shaping, including lower emission power and higher transmission capacity. The flexible access can be also achieved by adjusting the compression factor to achieve different levels of constellation compression. The system can also determine the diverse adoption of secondary or even multi-level compression depending on the system performance to meet the requirements of different ONUs in different scenarios. Moreover, the feasibility and flexibility of the proposed MCCM has been experimentally demonstrated in the GFDM-PON system.
Principle and Configuration of the Proposed System
The GFDM-PON system based on MCCM is illustrated in Fig. 1 . The schematic diagram reveals the data processing in the transmitter and receiver of the proposed MCCM GFDM-PON system. At the transmitter, as shown in Fig. 1(a) , a pseudo-random binary sequence (PRBS) is generated firstly to simulate the original data. Then the PRBS is fed into the encoder and mapper unit to implement the functionality of signal modulation after serial to parallel (S/P) conversion. The encoder and mapper unit is composed of constellation compression modulation and coded modulation. The CCM is a novel modulation format that modulates a uniformly distributed signal into a non-uniform signal, enabling the modulated signal more consistent with and perfectly match the channel model. By adjusting the compression factor, different levels of compressed signal constellations can be obtained to meet the diversified user requirements in different scenarios. The GFDM modulation is employed to implement the multi-carrier multiplexing. In order to realize IM/DD architecture, multiple CAP are adopted for carrier modulation after GFDM modulation. At the receiver, as shown in Fig. 1(b) , after down-sampling and matched filtering, corresponding CAP demodulation and GFDM demodulation are performed, as well as the signal de-mapping and constellation decompression, to complete signal reconstruction. Then, the constellation compression factor is adjusted according to the BER of the reconstructed signal, thus flexibly accommodating different channels and improving the transmission performance of the proposed system. The principle of each part is described as follows. Figure 2 illustrates the constellation diagrams of the modulated signal after encoder and mapper unit. We take the constellation mapping schemes of CAP-32, CAP-16, and CAP-9 for elaboration. Here, CAP-m represents the normal m-QAM signal without the implementation of CCM. What is more, we just use CAP technology to converse complex signal to the real one for transmission. The Euclidean distance between two adjacent constellation points is 2A, 2B and 2C in the Fig. 2 (a-c) which marked in solid black lines, while the dash lines represent different constellation regions. Hence, in the CCM-64-32, CCM-32-16 and CCM-16-9, the Euclidean distances of different CCM signal are different from each other. When the number of ONUs is at a small scale, the CAP-32 signal can be compressed into the CAP-16 by adjusting the compression factor to implement the one-level constellation compression modulation. Here, the compression factor is fixed relative to each modulation format, such as that of CCM-M-m signal is defined as M/m. Constellation with different probability distributions can be obtained with assigning different values to the compression factor. The CCM-32-16 signal can be achieved when the CAP-32 signal passes through one-level CCM. Therefore, different ONUs can obtain appropriate access signals to meet different needs and effective network resources allocation. The constellation diagrams of CCM-64-32, CCM-32-16, and CCM-16-9 are drawn in the Fig. 2(a-c) . The two-dimensional and three-dimensional probability distributions of the three CAP signals are shown in Fig. 2(d-f) . In particular, when the number of ONUs exceeds the capacity of the existing system or the BER is larger than the FEC limit, two or even multiple levels of the constellation compression may be used to further reduce the BER of the system by dynamically increasing the compression factor. In other words, two-level CCM is performed on the basis of the one-level CCM. For example, when the BER performance of CCM-32-16 signal is not favorable, the CCM-32-16 signal can be compressed again into CCM-32-9 signal for better BER. Certainly, when the signal BER is extremely low, the compression degree can be appropriately reduced to obtain a low complexity transmission system.
Constellation Compression Modulation
The schematic diagram of constellation compression modulation and constellation decompression demodulation are shown in Fig. 3 . The CCM is one of the application forms of probabilistic shaping. The difference is that PS optimizes the probability distribution of the signal by reducing the probabilities of the constellation points with high energy, while the CCM modulates the constellation points with Gaussian probability distribution by reshuffling and remapping. As shown in Fig. 3(a) , the constellation of the input signal is partitioned depending on the Euclidean distance between each constellation point and the origin. The data marking rule is then adjusted according to different compression factors. Here, in order to explain the compression processing of CAP signal, we employ the symbol-level labeling method [21] to implement the constellation compression modulation of CCM-32-16 signal, which shown in the Fig. 3(c) . Therefore, to bring the 4-bits information into full play, 2-bits symbol-level label is employed to make a unique distinction of the original 32 signal points. During transmission, information bits are transmitted simultaneously with symbol-level labels. In other words, dual 2-bits symbol-level labels constitute a symbol for transmission as one information bit. The 2-bits symbol-level label then makes the original 32-ary one by one correspondence with the modulated CCM-32-16. Finally, the data is mapped to the lowerorder constellation by adopting different data marking methods to achieve flexible signal variations. Figure 3(b) shows the demodulation process of the constellation compression signal, which can be dynamically varied according to the compression factor, data labels are then removed to recover the original information. Afterwards, the decompressed signal of the constellation can be demodulated by a conventional modulation format to obtain the original binary sequence. In the above modulation processing, the compression factor is dynamically adjusted according to the received BER. To be more specific, when the received BER exceeds the FEC threshold, the BER can be reduced by employing two-level or even multi-level constellation compression. The reason is that the lower-order constellation signal has better anti-noise performance as the degree of compression increases when the transmission power remains the same.
GFDM and CAP Modulators
The GFDM and CAP system model diagram is shown in the Fig. 4 . Binary data is divided into KM complex symbols after the encoder and mapper. And each complex symbol is expressed
T . After up-sampling with sampling factor of N, the data can be expressed as [15] : Where
is the Dirac function. A cyclic pulse shaping filter is employed to generate multiple subcarriers in the GFDM modulator. Then, the complex signals of multiple subcarriers are superimposed for CAP modulation. The output GFDM signal can be expressed as [15] :
Then the filtered orthogonal signal can be obtained by using a pair of orthogonal shaping filters. The shaping and matching filters used by the CAP at the transmitter and receiver are a pair of Hilbert filters. Typically, the two sets of Hilbert orthogonal filter pairs can be constructed by multiplying the square root raised cosine pulse by the sine and cosine functions.
System Configuration
In this paper, we employ MCCM technology to modulate the signals transmitted on the time slots owned by each ONU. In this way, each ONU constellation has a different probability distribution. Figure 5(a) shows the time-slot division of the different ONUs. On a certain subcarrier, we can expand the transmission capacity of the system by transmitting multiple time slots. Usually, each time slot transmits information of only one ONU. The time-slots and data labels of different ONU are shown in the Fig. 5(b-c) . A data label is added to each time slot of ONU for marking data. Since each data label is set according to different compression factor, received signals can be demodulated by deleting corresponding data labels, so that the original data can be recovered. The network architecture diagram of the PON system is shown in Fig. 6 . The PON system mainly includes three parts: optical line terminal (OLT), optical distribution network (ODN), and ONU. The proposed MCCM technology is mainly aimed to achieve the non-uniformly distributed transmitted signal on the OLT, and to perform information demodulation on the ONU to recover the original information. Moreover, the proposed system can flexibly set the compression factor according to the actual and real-time needs of different ONUs. Hence, the proposed MCCM GFDM-PON not only expands the transmission capacity of the system, but also increases the flexibility of the access network. For example, assuming an ONU needs a large amount of low BER information, we can reduce the BER by increasing the compression factor. In particular, when the system transmits very large-scale information, such as 16384 QAM, the information can be modulated by MCCM technology, thereby improving the system transmission performance. Figure 7(b) gives the illustration of experimental setup for GFDM-PON. A short-distance optical fiber IM/DD transmission system is built to verify the feasibility and transmission characteristics of GFDM-PON based on multi-level constellation compression modulation. At the transmitter, the continuouswave (CW) light-wave generated by an external cavity laser (ECL) at 1550 nm with 10 dBm output power offers the optical input of the Mach-Zehnder modulator (MZM) which is adopted to achieve electrical/optical conversion. The modulated CAP signal is generated by MATLAB programing in the digital signal processing (DSP). Then electrical signal after digital-to-analog (D/A) conversion by an arbitrary waveform generator (AWG, Tektronix AWG70002A) with a sampling rate of 25 Gs/s is sent to the electrical amplifier for amplification. The optical signals are boosted by an erbium-doped fiber amplifier (EDFA). The attenuation and dispersion of the single mode fiber (SMF) is 0.2 dB/km and 16 ps/(nm * km), respectively. Fig. 7(a) shows the offline DSP modulation at the transmitter. Firstly, the binary data goes through the S/P conversion and constellation compression modulation encoding and mapping. Afterwards, the encoded data is modulated by the GFDM technology for multi-carrier multiplexing. Finally, the CAP is adopted for filtering, where quadruple up-sampling is carried out. At the receiver, a variable optical attenuator (VOA) is utilized to change the received optical power for BER measurement. The received optical signals are detected by a 40 GHz photodiode (PD), which converts optical signal into electronic signal. The modulated CAP signal can be captured by a mixed signal oscilloscope (MSO, Tektronix MSO73304DX) with sampling rate of 100 Gs/s for further offline DSP demodulation. The offline DSP demodulation is illustrated in the Fig. 7(c) . Firstly, the received data will be demodulated by the CAP and GFDM technologies, respectively. Then the demodulated symbols can be decoded by the constellation decompression. Finally, the information bits would be recovered after parallel to serial (P/S) conversion.
Experimental Setup

Experimental Results
By constructing the GFDM-PON experimental system for different CAP signals after one-level CCM, the measured BER vs. received optical power is shown in the BER are −10.279 dBm and −11.444 dBm respectively. The power penalties are about 0.625 dBm and 2.583 dBm when compared with the corresponding one-level CCM signals. Moreover, the power penalty of uniform CAP-64 at the threshold of 3.1 × 10 −2 BER is 0.563 dBm. As the order of modulation format decreases, the performance of CCM is better enhanced. Therefore, constellation compression modulation can optimize the transmission performance of the system. Figure 9 shows the constellation diagram of the CCM-64-32, CCM-32-16, and CCM-16-9 signals after one-level CCM with received optical power of −14 dBm. The probability at each constellation point is different. As can be seen in the Fig. 9(a-c) , the probability of the outer circle constellation is small, while the probability of the constellation point near the origin is larger. The reason for this result is that during the CCM process, the points of the outer circle in the high-order signal constellation are modulated with different probabilities to the constellation points close to the origin. Moreover, the signals after CCM have lower emission power due to the non-uniformly distributed constellation. Figure 10 shows the BER and constellation diagrams for different levels of CCM signals. The CCM-32-16 signal was modulated by one-level CCM that directly compresses CAP-32 signal into CAP-16 signal. The CCM-32-9 modulation used two-level CCM, which was again compressed to CAP-9 based on CCM-32-16. As can be seen from the Fig. 10 , at the same received optical power, the BER of the CCM-32-9 signal is lower. The power penalty at the threshold of 3.8 × 10 −3 BER is 5.538 dBm. Moreover, we measured the constellation of CCM-32-16 and CCM-32-9 with received optical power of −14 dBm, as shown in Fig. 10 . The MCCM signal features non-uniform distribution. Therefore, the CCM-32-9 signal has lower BER and better anti-noise performance.
In the experiment, we used different subcarriers to transmit the CCM-64-32, CCM-32-16 and CCM-16-9 of the one-level CCM, and CCM-32-9 of two-level CCM at the same time in proposed system. Figure 11 shows the overall BER performance of the uniformly distributed system and CCM system. The BER of the CCM system transmission is significantly lower than that of the system without CCM. The power penalty at the threshold of 3.1 × 10 −2 BER is 1.421 dBm when comparing the uniform CAP signals with the CCM signals. The experimental results show that the constellation compression modulated signal has better anti-noise performance and is more suitable for channel transmission. When the transmission performance is not favorable, the BER can be reduced by two or even multi-levels CCM. Conversely, when the transmission performance is favorable, one-level CCM can be performed accordingly in order to simplify the system. In other words, the compression level can be changed dynamically according to the system performance to better adapt to the channel and improve the transmission performance of the entire system, thereby meeting the requirements in different scenarios.
Conclusion
In this paper, we propose a novel coded modulation technology, namely multi-level constellation compression modulation. The MCCM is aimed at modulating the points of the outer circle in the high-order signal constellation with a certain probability to the constellation points of the inner circle in a lower-order signal constellation, thereby changing the constellation structure and reducing the signal order. After the implementation of MCCM, the constellation signals are no longer uniformly distributed. Similar to the PS signal, the probability of the constellation points of the inner circle is high, while the probability of outer circle constellation point is low. We built a GFDM PON experimental transmission system based on MCCM to verify the feasibility and transmission performance. After 25 km optical fiber transmission, the BER of the CCM signal is significantly lower than that of the normal uniformly distributed signal, which indicated the superiority of our proposed schemes in the transmission performance of the system. In addition, we can also change the compression factor according to the channel condition, thereby providing flexibility in dynamically improving the transmission performance of the proposed system. Specifically, if the BER of the system is too high, the BER can be reduced by increasing the compression factor. The experimental results show that MCCM is a promising technology for next-generation PON systems.
